A hybrid actuated silicon-based micropump with dynamic passive valves is described in this paper. The actuator is based on a combination of thick-film and silicon micromachining technology and relies on the flexure of a membrane structure of lead zirconate titanate on silicon. Inlet and outlet valves use the passive dynamic principle, where flow direction is realized with a diffuser and a nozzle shaped element. Pump rates of up to 155 µl min −1 and a maximum backpressure of 1 kPa were achieved at a driving voltage of 600 V pp .
Introduction
To date several possibilities for pumping small amounts of liquid with microfabricated devices exist. Micropumps can be classified by their actuation mechanism. A membrane actuated pump has been described by Zengerle et al [1] , who uses the electrostatic force for membrane deflection and the flow directing property of cantilever valves. Both Gerlach [2] and Olsson et al [3] employ a surface mounted piezoelectric bimorph and passive dynamic valves. Other actuation mechanisms for membrane deflections include thermopneumatic, bimetallic and shape memory effects. Pumps inducing fluid flow with an electric field have been of the electrohydrodynamic type as described by Richter et al [4] or the electroosmotic type as described by Jacobson et al [5] . Electric field pumps do not need any flow directing parts.
In order to improve mass fabrication of membrane actuated pumps, research has recently been directed to screen printed lead zirconate titanate (PZT) films, combining thickfilm and silicon micromachining technologies [6] . This hybrid technology has now been successfully used to drive a dynamic micropump.
In addition, a CFD simulation of the flow within the passive dynamic valve is described and compared with measurements of fabricated valve elements. With this simulator, valve development can be simplified avoiding the need for time consuming silicon microfabrication.
CFD-simulation of a dynamic passive valve
A dynamic passive valve can be realized with a tapered section in the flow path as shown in figure 1. Depending † Tel: 01703-593737; fax: 01703-593029; e-mail: mk94r@ecs.soton.ac.uk on the angle α of the diffuser or nozzle, the flow is favoured in one or the other direction. For small angles around 3
• the preferred direction is of the divergent type, for larger angles around 35.3
• the converging direction is preferred as shown in figure 1(a) . For large angles as depicted in figure 1 (b) the flow in the diffuser direction separates from the wall and increases the pressure drop compared to a nozzle. Due to the use of KOH etching for the fabrication of the valve, the angle was restricted to 35.3
• . The dimensions of the examined valve were 850 µm × 850 µm for the large opening, 130 µm × 130 µm for the small opening and approximately 480 µm for the length of the duct.
The simulations were done with CFX-Flow3D, a CFD simulator. Due to entrance or exit phenomena of the flow, the model includes an additional part at each side of the valve (see figure 1) . Initial simulations were conducted with pressure boundaries at both inlet and outlet of the grid. However, convergence of the simulations was only achieved for high pressures of 16 kPa and above. In order to get convergence for lower pressures the inlet was made to be a mass flow boundary whereas the outlet was kept at zero pressure. For low flow rates it was then noted that the pressure was not constant over the mass flow boundary, but varied along the orifice (INLET in figure 1(b) ). This was probably the cause of non-convergence at low pressure. Pressure and mass flow approaches gave nearly the same results for high pressure simulations. The computing time for the simulation of the dynamic passive valve, including symmetry effects, was approximately 10 min on a SPARC 1000 system.
Measurements of the flow rates were made using a nitrogen pressure supply connected via a hose filled with liquid to the test box with the valve. Water (dynamic viscosity ν = 1.002 mPa s, density ρ = 998 kg m −3 ) was used as the test liquid. The travel speed of the nitrogen/water interface was measured and the flow rate was calculated. A comparison of turbulent simulations and measurements is depicted in figure 2. For low pressures both results are in reasonable agreement giving confidence in the simulation method. At higher pressures a small deviation between measurements and simulation can be observed.
Hybrid fabrication of a dynamic micropump
Screen printing of a PZT layer onto silicon has been reported recently [6] , but will be summarized here to give an overview of the whole fabrication process: A 70 µm thick silicon membrane was formed with a timed etch in KOH at 70
• C and 30 wt% using LPCVD silicon nitride as an etch mask. Then the mask layers were stripped and the silicon wafer was oxidized (500 nm) in a wet atmosphere to form an insulating layer between silicon and subsequent screen printed layers. The thick-film technology for a PZT capacitor between two electrodes is described as follows. First, a cermet gold bottom electrode of 10 µm thickness was printed, dried at 120
• C for 10 min and fired in a conveyor belt furnace at a peak temperature of 950
• C for 1 h. After this, the wafer was put through two cycles of double printing, drying and firing of a special PZT ink. This ink contains 95% PZT-5H powder and 5% lead borosilicate powder as a binder. An organic vehicle (ESL 400) has to be added to give a printable ink. With a total of four printing steps, a thickness of approximately 100 µm was achieved. The piezoelectric charge constant of the fired PZT was measured to 103 pC N −1 after 12 h of poling at 300 V and 130
• C. The dielectric constant was 461 compared to 3400 for bulk PZT-5H. Finally, a gold top electrode is printed using the same process as before. At the same time bulk PZT was surface mounted via conductive epoxy to some other silicon membranes for the purpose of comparison.
For the valves, an ordinary KOH through etch was performed, where the wafer was protected with silicon nitride. The two valves can be fabricated on one wafer where double-sided alignment facilities are available, as well as on two wafers. In the second solution, a small and a very large opening are fabricated and the clean chips are then put together with the flatness of the two opposite chip sides as the seal. The small duct is used as the valve and the large through-hole allows non-distorted access through the other chip. Figure 3 shows the whole device based on the simple one-sided lithography of the valves. Note that the PZT actuator is smaller than the size of the membrane as more volume can be deflected by this arrangement [6] .
Flow rate measurements of the dynamic micropump
The pump rate was determined by mounting the micropump in a test box with ethanol as the test liquid. As described earlier, the two valve chips were placed on top of each other after cleaning with isopropyl alcohol. A 1 mm thick silicone layer between the valves and the actuator was necessary to seal the pump chamber. No differences in the results for double-sided and simple valve were found. The size of the membrane was 8 mm × 4 mm × 0.07 mm with a 7 mm × 3 mm × 0.1 mm sized PZT layer on top. Figure 4 depicts the pump rates of the hybrid micropump over an applied frequency range between 0.5 and 8 kHz with a voltage of 400 and 600 V pp respectively. The highest pump rate of 105 (155) µl min −1 can be found at 2 kHz for a voltage of 400 (600) V pp . For comparison the pump rate was estimated by assuming a sine shaped pressure actuation and calculating the remaining flow through both valves at quasi-static behaviour (cf figure 2) . The pressure compliance was assumed to be 0.2 times the value of a bulk PZT membrane [6] , i.e., 0.232 kPa V −1 . This gives a maximum pressure of 69 kPa for 400 V actuation voltage. Integration of the flow yields 344 µl min −1 which is a factor of 3.5 larger than the measured value. A more correct model of the behaviour of the pump based on the continuity model [1] could, however, give more accurate values. As can be seen from the graph, the generated pressure within the micropump is small for frequencies below 0.5 (0.8) kHz resulting in low pump rates. Dynamic effects seem to play a major role in reversing the flow from positive to negative at frequencies between 5 and 7 kHz for 400 V pp driving voltage. Further work is required to investigate these dynamic effects with the simulator presented above.
The maximum achievable backpressure for this pump type is relatively small at 550 (1000) Pa compared with 2 kPa for a cantilever valve type pump with a screen printed actuator and a similar actuation voltage [6] . The linear drop of the pump rate versus the back pressure can be seen in figure 5 . With surface mounted actuators of 6.25 mm × 3.25 mm × 0.25 mm size the highest achievable pump rate was 110 µl min −1 for a driving voltage of 240 V pp showing that the screen printed version is not as efficient. However, sufficient pump rates are already possible with the first generation of screen printed actuators. A comparison of the achieved performance of the micropump with a screen printed actuator and a surface mounted type actuator is given in table 1. Because of a possible influence on the dynamic behaviour of the pump from the silicone washer between the actuator and valve chip, a blue tape washer was tested as well. The height of the blue tape was only 0.1 mm, which is one tenth of the silicone seal. Although the pump with silicone washer shows a slightly higher pump rate up to 2 kHz actuation, the general behaviour of both pumps is similar over the whole frequency range.
Conclusion
The CFD simulation of a passive dynamic valve was presented. A comparison of the measurement and the simulation for the valve showed reasonable agreement for flow rates at high pressures.
Moreover, a hybrid micropump which employs the passive dynamic valves was described. The fabrication of both the actuating part based on thick film on silicon, and the valves shaped as diffuser and nozzle were presented. The technology for the two parts is extremely simple which allows cheap mass fabrication of micropumps. Although the conventional surface mounted PZT actuator shows a better performance, the first generation of thick film on silicon actuators yields high pump rates at moderate driving voltages.
